We report the discovery of a positive exchange bias between Ni80Fe20 (Py) and twined (101 0)-Cr2O3 film near its blocking temperature (TB) when it is cooled in an in-plane magnetic field applied along 45 degrees from the two spin configurations of the Cr atoms. This is an abnormal behavior compared to the negative exchange bias at all temperatures below TB when the cooling and measuring magnetic fields are applied along one of the two spin configurations of the Cr atoms. We speculate these results could be related to the exchange interactions between the twined structure of the ( 101 0 )-Cr2O3 film epitaxially grown on the rutile (001)-TiO2 substrate.
Ⅰ. INTRODUCTION
The interfacial exchange interaction between a ferromagnet (FM) and an antiferromagnet (AFM) gives rise to the exchange bias (HEB), the shift of the magnetization hysteresis loop from zero magnetic field [1] [2] [3] [4] . There has been enormous effort to explore the exchange bias for practical applications in magnetic sensors and memory devices [5] . In most cases for the FM/AFM bilayer structure, a positive cooling magnetic field gives rise to a negative HEB, the shift of the magnetization hysteresis loop toward negative magnetic fields [2] . Whilst, there have been also quite a few studies reporting a positive HEB at the interface of FM/AFM and several mechanisms have been proposed to account for the positive HEB [6] [7] [8] [9] [10] [11] [12] . For example, magnetic ordering of the AFM spins under large cooling magnetic fields and the antiferromagnetic coupling between FM/AFM spins could give rise to a positive HEB [6] [7] [8] . The net effect of a competition between exchange coupling and uniaxial magnetic anisotropy could lead to a positive HEB [9, 10] . Besides, a positive HEB has also been observed in AFM CuMn blow its spin glass transition, which is related to the Ruderman-Kittel-Kasuya-Yosida interaction [11] , in (111) oriented LaNiO3/LaMnO3 superlattice, which is associated with the antiferromagnetic structure in LaNiO3 and the presence of interface asymmetry with LaMnO3 [12] , and in the heterostucture of Co/CoO due to interfacial pinning of the AFM spins [13] .
In this paper, we report the observation of a positive HEB in the bilayer structure of Ni80Fe20 (Py)/(101 0)-Cr2O3, where Cr2O3 is a twined film epitaxailly grown on (001)-TiO2 substrate using pulsed laser deposition. This positive HEB is observed at the temperatures near the blocking temperature (TB) of the Cr2O3 film and when it is cooled in an in-plane magnetic field directed along the TiO2 [110] direction. On the other hand, if the cooling field is applied along the TiO2 measurement, the sample is first cooled down from 350 K in an in-plane magnetic field of 1000
Oe to set the exchange bias direction. In our study, there are two measurement geometries, as shown in Figs. 2(a) and 2(b) . For the first one which we refer to the 1st geometry, the applied cooling and measuring magnetic fields are along the TiO2 [100] direction, which is also one of the two spin configurations of the Cr atoms of Cr2O3 film ( Fig. 2(a) ). For the other one which we refer to the 2nd geometry, the applied cooling and measuring magnetic fields are along the TiO2
[110] direction, which is 45 degrees from either one of the two spin configurations of the Cr atoms of Cr2O3 film ( Fig. 2(b) ).
Ⅲ. RESULTS AND DISCUSSION

A. The magnetization hysteresis measurement
Figs. 2(c) -2(e) show the typical magnetization hysteresis loops of Py/Cr2O3 bilayer at 60 K, 50 K, and 30 K respectively, where the black curves indicate the measurement in the 1st geometry ( Fig. 2(a) ), and the red curves indicate the measurement in the 2nd geometry ( Cr2O3 film from both measurement geometries. The measured TB is much lower compared to the value reported on (0001) oriented bulk Cr2O3 single crystals [15] , which could be associated with the trivial finite-size effects [2, [16] [17] [18] and some non-trivial finite-size effects related to the crystal defects in the Cr2O3 film [19] . Most interestingly, a positive HEB is observed at 50, and 60 K when the cooling and measuring magnetic fields are along the TiO2 [110] direction (blue balls).
C. HEB measurement along the TiO2 [010] and [ ] directions
As there are two crystalline zones in (101 0) oriented Cr2O3, we also measure HEB by cooling the magnetic field along the TiO2 directions. Very similarly, a positive HEB is observed at the temperatures that are close to the TB.
D. Cooling magnetic field strength effect on HEB
Next, the effect of cooling magnetic field strength on the HEB is studied. Fig. 5(a) and 5(b) show the temperature dependence of HEB under different cooling magnetic field strengths, for the magnetic fields along the TiO2 [100] and [110] directions, respectively. First of all, the magnitude of the cooling magnetic fields has a negligible effect on the HEB at higher temperatures, and a larger cooling magnetic field leads to a lower value of the HEB at lower temperatures, which could be associated with the spin structure at the interface induced by the cooling magnetic field [7] . Second of all, the positive exchange bias is not affected at all by the large magnetic field up to 70000 Oe, indicating the negligible role from the magnetic field strength.
E. Possible explanation for the positive HEB
Both the temperature and cooling magnetic field strength dependences of the HEB indicate that the positive HEB is related to the twined structure of the (101 0)-Cr2O3 film grown on rutile (001)-TiO2 substrate.
To study this, we analyze the HEB using numerical calculation based on the coherent rotation model (Stoner-Wohlfarth type) [20] , which has been used to explain the positive HEB resulting from the competition between shape anisotropy and the exchange interaction of the heterostructure [9, 10] . If we simply neglect the interaction between the spin orientations of the two twined structures in Cr2O3, the free energy (f) can be described as: There could be two mechanisms to account for this behavior. The first one is related to the respective magnetic domains sizes of the FM and AFM layers [21, 22] . If the twined regions of AFM are large enough, the Py on top may have different magnetization directions, which would be equivalent to dropping one of the KE terms in equation (1) . As the temperature changes close to TB, the ratio of KE/Ku could give rise to a positive exchange bias similar to previous report [9] .
However, we do not observe a double magnetic hysteresis as shown in ref [21, 22] , thus, the direct imaging of the magnetic domains would be necessary to test this mechanism. The second mechanism could be relate to the interaction between the two twined structures that is simply neglected in equation (1) . This unusual behavior near the blocking temperature indicates complicated spin structures as a result of weak exchange interaction and Zeeman interaction associated with an off c-axis magnetic field. Future theoretical studies are needed to fully understand this behavior.
Ⅳ. CONCLUSION
We report a positive HEB near the blocking temperature of the (101 0)-Cr2O3 film, when the magnetic field is applied along 45 degrees between the two sets of spin configurations of the Cr atoms. This observation indicates complicated spin structures at the interface between Py and twined (101 0)-Cr2O3 film near its TB. [100] 
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